Abstract__ Hydraulic wind power transfer systems allow collecting of energy from multiple wind turbines into one generation unit. They bring the advantage of eliminating the gearbox as a heavy and costly component. The hydraulically connected wind turbines provide variety of energy storing capabilities to mitigate the intermittent nature of wind power. This paper presents an approach to make wind power become a more reliable source on both energy and capacity by using energy storage devices, and investigates methods for wind energy electrical energy storage. The survey elaborates on three different methods named "Battery-based Energy Storage", Pumped Storage Method, and "Compressed Air Energy Storage (CAES)".
INTRODUCTION
There has been a significant improve in wind energy generation systems throughout recent years. However, high capital investments and low capacity factors are still the remaining issues [1, 2] . Holding the stresses applied by the weight of the structure requires reliable foundations which considerably increases the implementation cost. The average lifetime of the conventional wind turbines is almost 20 years. However, their gearboxes should be replaced after the operation period of 5 to 7 years, and this replacement can be as costly as 10 percent of the entire turbine [3] [4] [5] [6] . In the conventional wind farms, each wind turbine is comprised of a gear box, power electronics, and a generator all implemented in nacelle. Recently, new generation of wind turbines is introduced in which a hydraulic system is designed and utilized to provide several advantages over conventional systems [7] [8] [9] [10] . Hydraulic wind power transfer systems require a light weight foundations as they get rid of bulky equipment in nacelle such as generator and gearbox. Fig. 1 illustrates the hydraulic wind power transfer system where a pump coupled with the wind turbine is used to generate highpressure hydraulic fluid to transfer the power. The pressurized fluid, generated by the hydraulic pumps, is directed to run the generators on the ground level [11] . In this system, the energy transfer can be controlled by distributing the flow between the hydraulic motors [12, 13] .
The new wind energy harvesting technique for hydraulic wind power systems should incorporate power generation equipment of individual towers in a central power generation unit. By introducing the new generation of wind turbines, instead of utilizing the bulky electro-mechanical components, a hydraulic pump is accommodated is the wind tower. The function of this hydraulic pump is to pressurize a fluid through a circuit which passes the hydraulic motor coupled with generator at ground level. This approach will provide several benefits over the conventional systems such as increased life span, better reliability, and less maintenance requirement which will reduce the operation cost in the wind turbine towers. Higher rate of energy transfer and size reduction of the power electronics are other advantages of hydraulic wind turbines [14] [15] [16] [17] [18] .
The energy harvesting from intermittent sources, require energy storage units to smooth out the generation of power and frequency stability, which can easily deviate from 60 Hz as the wind speed changes. High-pressure hydraulic systems provide an excellent platform for incorporation of mechanical and electrical energy storage units. This paper addresses the circuitry needed for energy storage of hydraulic wind power systems and studies different methods of energy harvesting. In general, high wind speeds result in generation of excess flow in the system. The energy of this flow is captured by an auxiliary generator and stored in a storage unit. The stored energy is released back to the system to run the main pump when the wind speed drops. In this case, the flow generated by the wind turbine is augmented by the auxiliary pump flow to maintain the angular velocity demands of the loaded primary generator.
II. HYDRAULIC WIND ENERGY TRANSFER
The hydraulic wind power transfer system is comprised of various parts such as hydraulic pumps and motors, proportional valves, check valves, and pressure relief valves. A prime mover (wind turbine blades) is utilized in this configuration to drive a fixed displacement pump. Also, to transmit the captured power, one or more fixed displacement hydraulic motors are employed. At the upstream, the implemented pump transforms the mechanical power from the blades' shaft to the pressurized fluid and then the captured energy is transferred to the hydraulic motors through hydraulic hoses and pipes [8, 19] . Wind power is harvested using a high-torque low speed turbine. Intermittent wind speed introduces hydraulic flow fluctuations from the prime mover that eventually changes the electric power flow in the system. Steady electric power generation requires steady flow of pressurized hydraulic medium to the main hydraulic motor. Proportional valves are used to regulate and control the hydraulic flow to manage the electric power generation Fig. 1 depicts a schematic diagram of hydraulic wind power transfer systems. As it can be seen in the figure, the blade's shaft is connected to a hydraulic pump. The rotation of this shaft makes the pump to pressurize a flow down to the circuit where there are several safety hydraulic components in the way such as pressure relief valves. At the downstream, high pressure flow passes through hydraulic motors which are coupled with electric generators to generate electrical power. For this purpose, hydraulic hoses and steel pipes are utilized to connect the pump to the power generation unit. In addition, the hydraulic pump employed in the circuit should have a large displacement so that it can transfer the power to the power generation unit. This is as a result of produced large amount of torque compared to low angular velocity [7] . In this configuration pressure relief valves are considered to protect the system components from the destructive impact of localized high-pressure fluids. In addition, check valves force the hydraulic flow to be unidirectional. Finally, the proportional valve distributes a controlled amount of flow to each hydraulic motor to be converted to the electrical power by the generators [20] [21] [22] .
A prototype is implemented as a test bed for hydraulic wind power transfer technology in the Energy Systems and Power Electronics Laboratory, IUPUI. Fig. 2 demonstrates an overlay of the experimental setup and hydraulic circuitry. An electric motor was used to drive the hydraulic pump through the pulley and belt to reduce the pump shaft speed. The system operating conditions, such as angular velocity and pressures, are precisely measured by fast prototyping in dSPACE 1104 hardware. The outcome of this study on energy storage techniques of hydraulic wind power systems is going to be utilized for further implementation on this experimental setup. 
III. MODEL DEVELOPMENT OF HYDRAULIC WIND POWER SYSTEMS
Understanding the dynamics of the system through the mathematical modeling considerably helps to choose the best energy storage technique and related control system. To derive the state space representation of the hydraulic wind power system, the integrated configuration of the hydraulic components must be considered. Nonlinear governing equations of utilized hydraulic components are provided in [4] and [11] . Using these equations, a nonlinear model of hydraulic wind power transfer systems are proposed in state space representation and experimentally verified. State space representation offers several benefits such as the ease of implementation, stability analysis, and model understanding [23] [24] [25] [26] [27] .
In general, the nonlinear state space model of a system can be represented as 
IV. ENERGY STORAGE TECHNIQUES FOR WIND POWER SYSTEMS
There are some approaches to compensate for stochastic nature of wind. For instance, adding a storage system to the power generation unit can considerably reduce the fluctuation of the system. However, this will require a capital investment for the storage system. Therefore, there is crucial need for studying reasonable storage technologies for desired applications and reducing the output variation in the system.
In recent decades, energy storage systems have drawn a great attention because of the high costs of energy carriers. Considering fluctuating nature of wind, storing wind energy in the related plants is of high importance and can highly improve the efficiency of the system. Throughout normal operation in a day, the generated electricity can be stored in different ways such as compressed air, when a large amount of implemented systems is out of service and power generation cost is low and also when network cannot feed the grid. There are some methods to store energy in systems which include mechanical and electrical specific for wind power systems. In the literature, some approaches are proposed to store the generated energy such as compressed air energy storage (CAES), gravitational energy storage or pumped hydropower storage (PHPS), and flywheels. The flywheel technology can be used for intermediate storage while the CAES is more suitable for largescale utility energy storage. Finally, one the well-known approaches for storage of electrical energy is to employ batteries.
In the next subsections, the comparison of "Compressed Air Energy Storage (CAES)", "Battery-based Energy Storage", and "Pumping Storage Hydroelectricity (PSH)" will be provided.
A. CAES Method
The CAES method captures excess power prior to electricity generation so that electrical components can be downsized for demand instead of supply. In this method, as usual, energy is stored in a high pressure dual chamber liquidcompressed air storage vessel. It takes advantage of the power density of hydraulics and the energy density of pneumatics in the "open accumulator" architecture [28, 29] . A liquid piston air compressor/expander is utilized to achieve near-isothermal compression/expansion for efficient operation. A dynamic system model as well as control laws for optimizing the turbine power, delivering required electrical power and maintaining system pressure are developed in [30, 31] .
A novel Compressed Air Energy Storage (CAES) concept for wind turbines was proposed in [32] . In this proposed CAES system, excess energy from the wind turbine is stored locally, prior to electricity generation, as compressed air in a storage pressure vessel. This allows electrical components to be downsized. The compressor/expander used to store and extract energy operates nearly isothermal so that it is efficient. A variable hydraulic drive, instead of a mechanical gearbox, is used for power transmission. This improves the reliability of the transmission system and allows the generator and the storage system to be housed down tower, thus reducing construction and repair costs. In addition, a cost effective fixed speed inductor generator can be used instead of the combination of a permanent magnet synchronous motor and power electronics for frequency conversion. The CAES uses the "open accumulator" architecture as shown in Fig. 3 . A variable displacement hydraulic pump is attached to the wind turbine rotor in the nacelle which converts wind power to hydraulic power. At the sea level there is a tandem connection of a variable displacement hydraulic pump/motor, a near-isothermal liquid piston air compressor/expander and a fixed speed induction generator. They are driven by the hydraulic pump, and exchange powers hydraulically or pneumatically with the high pressure storage vessel. The storage vessel contains both liquid and compressed air at the same pressure. Energy can be stored or extracted by pumping or releasing i) pressurized liquid similar to a conventional hydraulic accumulator; or ii) compressed air similar to a conventional air receiver.
Two major challenges are: 1) compressor/expanders are generally not very efficient or powerful; 2) the pressure in the storage vessel reduces as compressed air in the storage vessel depletes, making it difficult for the air compressor/expander to maintain either its efficiency or power at all energy levels. The first challenge is overcome by developing a liquid piston air compressor/expander with enhanced heat transfer and reduced leakage. The latter is overcome by deploying an "open accumulator" configuration [33] with a dual chamber storage vessel for both liquid and compressed air, such that energy can be stored/retrieved hydraulically and pneumatically. Therefore, storage vessel pressure can be maintained constant regardless of energy content, and the compressor/expander can be downsized for steady power instead of peak power [31] .
B. Battery-based Method
In The Battery-based Energy Storage method, stored energy is released to the plant when the wind speed dropped below a certain threshold and storage happens during charge and discharge of specific battery which the efficiency of the system can be raised by controlling the system [34] .
1) High Wind Speed Operation
The wind speed fluctuates over time. Therefore, utilization of fixed displacement pumps result in flow variation in the system. If the wind speed is higher than the reference that generates 60 Hz voltage in the output, the condition is called high wind. If the excess flow of power and its energy is not captured, the generator's voltage frequency will deviate from 60Hz. The proportional valve is regulated such that the required flow is delivered to the primary hydraulic motor, and the excess energy is captured by the auxiliary hydraulic motor. The auxiliary hydraulic motor is coupled with an electric motor/generator. At high wind, the auxiliary hydraulic motor runs the electric generator. The electric generator converts the mechanical energy of the rotating shaft into electric energy and stores it in batteries. Fig. 4 shows the schematic of the system operation at high wind speed. 
2) Low Wind Speed Operation
If the wind speed drops below a threshold speed, the condition is considered low wind. In this condition, the flow generated by hydraulic pump is not sufficient enough to maintain the reference angular velocity at the primary motor. In order to compensate for the flow deficiency, the energy stored in the storage should be released back to the system. The storage in any form can run the auxiliary hydraulic pump to generate an augmented pressurized fluid in the system. Fig. 5 illustrates the schematic of the system operation at low wind speed [34] . 
C. Pumping Storage Method
One of the approaches to store the electricity is called pumped storage which stores energy in the form of water lifted from a lower reservoir into a higher one. In the low-cost offpeak operation of the plant, the amount of electrical power which is excess, can be utilized to run a pump to pressurize water. For the second case scenario, when there is a high electrical demand, the stored water can be released. Similarly, in a hydraulic wind power transfer system, at time of low electrical demand, excess power produced by the system is used to pump water into a higher reservoir and then, when there is a higher demand, the water is released back in the lower reservoir through a turbine [35] .
There are two possibilities: 1) Two waterways: one for pumping, one for the turbine;
2) One unique water way: reversible machinery can be used for both pumping and generating; it is designed as a motor and pump in one direction and as a turbine and generator in the opposite rotation.
Under favorable geological conditions, the station is located underground. Various pumped storage plants exist worldwide with power varying from 1 MW to 2700 MW. Pumped hydro is available at almost any scale with discharge times ranging from several hours to a few days. The advantages of such systems are [36] :
More than 100 years of experience, High efficiency. Highest availability compared to other technologies; Quick response to load variation (few seconds) and reserve capacity [37] .
V. CONCLUSION This paper presented three energy storage techniques to capture the excess energy of hydraulic wind transmission system. CAES method has a great number of advantages. For instance, CAES systems are more suitable for very large scales. These systems can be utilized with the entire power plants as well. On the other hand, the high cost of batteries is one of the main drawbacks of Battery storage method. Also, pumped storage method has some considerable advantages. Improved quality for generated electricity as well as reducing the peak power of the system are some of the benefits of hydro-pumped storage technology. This system flattens out the load variation on the power grid, and permits thermal power stations, that provide base-load electricity, to continue operating at peak efficiency while reducing the need for peaking power plants that use costly and polluting fuels. However, they might not be suitable for large scale systems.
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